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ABSTRACT 

Context. Small-scale magnetic fields are major contributors to the solar irradiance variations. Hence, the continuum intensity contrast 
of magnetic elements in the quiet Sun (QS) network and in active region (AR) plage is an essential quantity that needs to be measured 
reliably. 

Aims. By using Hinode/SP disk center data at a constant, high spatial resolution, we aim at updating results of earlier ground-based 
studies of contrast vs. magnetogram signal, and to look for systematic differences between AR plages and QS network. 
Methods. The field strength, filling factor and inclination of the field was retrieved by means of a Milne-Eddington inversion (VFIS V 
code). As in earlier studies, we then performed a pixel-by-pixel study of 630.2 nm continuum contrast vs. apparent (i.e. averaged over 
a pixel) longitudinal magnetic field over large fields of view in ARs and in the QS. 

Results. The continuum contrast of magnetic elements reaches larger values in the QS (on average 3.7%) than in ARs (on average 
1.3%). This could not be attributed to any systematic difference in the chosen contrast references, so that it mainly reflects an intrinsic 
brightness difference. At Hinode's spatial resolution, the relationship between contrast and apparent longitudinal field strength exhibits 
a peak at around 700 G in both the QS and ARs, whereas earlier lower resolution studies only found a peak in the QS and a monotonous 
decrease in ARs. We attribute this discrepancy both to our careful removal of the pores and their close surroundings affected by the 
telescope diffraction, as well as to the enhanced spatial resolution and very low scattered light of the Hinode Solar Optical Telescope. 
We verified that the magnetic elements producing the peak in the contrast curve are rather vertical in the AR and in the QS, so that 
the larger contrasts in the QS cannot be explained by larger inclinations, as had been proposed earlier 

Conclusions. According to our inversions, the magnetic elements producing the peak of the contrast curves have similar properties 
(field strength, inclination, filling factor) in ARs and in the QS, so that the larger brightness of magnetic elements in the QS remains 
unexplained. Indirect evidence suggests that the contrast difference is not primarily due to any difference in average size of the 
magnetic elements. A possible explanation lies in the different efficiencies of convective energy transport in the QS and in ARs, which 
will be the topic of a second paper 

Key words. Sumphotosphere - Sun:faculae, plages - Sun: surface magnetism - Sun: activity 



1. Introduction 

■ The quiet Sun (QS) network and active region (AR) plages 
' are the two most prominent components of sola r photospheric 
magnetism outside Sunspots (ISolanki et al.ll2006h . Both compo- 
nents contain small-scale magnetic features possessing kG field 
strengths, which appear bright in spectral line cores and the- 
oreti cally also at continuum wavelengths, even at disk center 
JPeinzer et al . 1984; Schues sler & Solanki 1988; Knolker et all 
ll988lll99lH Voder & Schu ssledl2003l) . Their excess brightness 
is due to the fact that they are hotter than their surroundings 
at equal optical depth (see Schussler 1992). Owing to their en- 
hanced brightness, these so-called "magnetic elements" are key 
players in the total solar ir radiance variations on the time scale 
of da ys to the solar cycle (iKrivova et al.1 20031; Domingo et alj 



I2009h and very likely also longer ("K rivova et al 



2007). Yet the 



observed continuum brightness of magnetic elements in ARs and 
in the QS is still a matter of debate, as is the relative contribution 
of ARs and QS network to the total solar irradiance variations 
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(although the variation in area and Ca II K emission of A Rs were 
found to dominate on timescales of a solar cycle, Walton et al.l 
I2OO3I) . It is thus fundamental to quantify the continuum bright- 
ness of magnetic elements in the QS network and in ARs sep- 
arately, inasmuch as visible continuum wavelengths contribute 
~ 50 % to the total solar irradiance and ~ 30% to its solar cycle 
variation (according to the calculations of Krivova et al 2006) . 

The brightness of magnetic features is usually not measured 
in absolute sense, but relative to the mean intensity of a refer- 
ence quiet photosphere, i.e. by their "contrast". The contrast at 
continuum wavelengths is thus directly related to the tempera- 
ture excess with respect to this quiet photosphere at the level 
T - 1. At disk center (and generally at any fixed heliocentric 
angle), the temperature excess of a magnetic feature depends 
on its field strength, which determines the depth of the opac- 
ity depression, and on the effectiveness of the radiative heat- 
I 1 1 

ing from its "hot walls" (Spruit 1976). This latter depends on 
the size of the flux tube, in particular the ratio of the surface of 
the walls to the internal volume, as well as on the efficiency of 
the surrounding convective heat transport. Since measurements 
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based on line-ratio techniques and inversions indicate similar 
kG field strengths for magnetic elements in network and plages 
(with a weak dep endence on the filling factor , frazier & Stenflo 
1972[ LStenfldlT97 3: Solanki & Stenfl g^ll984 IStenflo & Harvevi 
19851; IZaver et alj il990; .Rabia ,1992bllal) . the continuum con- 



trast of magnetic eleme nts at disk center shou ld be primarily 
dictated by their sizes (ISpruit & ZwaanI [T98Ti) . Note that the 
much weaker equipartition fields detected mostly in the inter - 
network by, e.g.l Lin ( 1995); ISolanki et all (ll996h:lLitesl (l2002h: 



iKhomenko et alJ (I2p03 | ) and the u biquitou s horizonta l fields de- 
tected with Hinode jLites et alj2 008; Ishik awa & Ts uneta 2009) 
are likel y to display a m uch smaller, possibly unimporta nt con- 
trast (Schnerr & Spruitl i2010). A recent study by Viticch i6 et alJ 
also suggests that the contrast of disk center G-band 
bright points, which are associated with magnetic elements, 
mainly depends on their size while the ~kG field strength is 
rather constant. Note that the contrast of magnetic elements also 
increases with the heliocentiic angle (w ith an eventual max- 
imum, see ISolankil 119931: ISteineil 120071 for reviews), as pro- 
gressively more of the hot granular wall limbward of the flux 
tubes becomes visible ("hot wall effect", see e.g. Spruit 1976; 
[Keller et alJ 12004) and the optical depth shifts upward where 
magnetic elements have a larger temperature excess due to the 
shallow er temp erature gradient inside than outside the flux tubes 
(ISteineil [2005 ). Signatures of these hot granular walls ("fac- 
ulae") can be seen dir ectly in the high r e solution con t inuum 
and G-band images of iLites et alj (|2004. iKobel et alj 1200^ 
lHirzberger& Wiehl^ (|2005l) and [Serger et al.l (l2007i ). with re- 
sults of contrast at various heliocentric angles being presented 
in the last two papers. While the present paper only deals with 
disk center data, the center-to-limb variation of the continuum 
contrast of magnetic elemen ts will be presented in a forthcom- 
ing one dKobel et"a D'201 lal Paper III of this s eries). Finally, as 
observed bv lBerg er & Title^ (Il996i 1200 ll) and iDe Pontieu et al.1 
(1200 6). the contrast of individual magnetic elements is also in- 
directly a function of time, since both the physical parameters 
influencing the contrast (magnetic element size, field strength 
and inclination) and the seeing can vary with time. Thus, the 
above considerations hold statistically when averaging in time 
or over an ensemble of magnetic elements. Under these condi- 
tions the dependence on the inclination of magnetic elements 
can be omitted because they are on average close to vertical due 
to magnetic buoyancy. To indirectly gain information about how 
the sizes of magnetic elements influence their contrasts at disk 
center, one can statistically investigate the relation between con- 
trast and "magnetogram signal" (i.e. net longitudinal field in the 
resolution ele ment obtained from the calibration of Stokes V, see 
IStenflol2008h . Since the kG flux tubes in QS and in AR are rather 
vertical and have similar field strengths, at a fixed disk position 
the magnetogram signal should only scale with the fractional 
area of the resolution element filled by magnetic fields, i.e. the 
"filling factor". At disk center, this filling factor reflects the total 
cross section (at the height of line formation) of the magnetic 
features present in the resolution element. 

The easiest and most straightforward way to carry out such 
an analysis is to make scatterplots of the contrast vs. mag- 
netogram signal (cf. Frazier 1971), and average th e cont rasts 
in bin s of magnetogram signa l. Using this method, iTitle et^D 
(Il992h and iTopka et all (Il992h found that the average contin- 
uum contrast (at 676.8, 525, 557.6 and 630.2 nm) of mag- 
netic features in ARs at disk center was negative for all bins of 
magnetogram signal, i.e. their continuum brightness was never 
greater than the mean quiet photosphere. To be consistent with 
the flux tube models predicting intrinsically bright magnetic el- 



ements, the authors invoked the effect of limited spatial reso- 
lution, smearing the magnetic elements with suiTounding dark 
moats (Title etal. 1992; Topkaetal. 1992) and intergranular 
lanes dTitle & Bergeiill996l) . Applying t he same method, but on 
QS network data (of similar resolution), [Lawrence et al.l (Il993h 
found that the average contrast reaches positive values at mag- 
netogram signals at which the AR contrast was negative. These 
authors then proposed that the larger contrasts in the QS could 
be explained by more inclined fl ux tubes, whereby the ir bright 
hot walls would be better visible dLawrence et al.l[l993h . but left 
this hypothesis unverified. 

A drawback of the pixel-by-pixel analysis used in the afore- 
mentioned works is that it does not preserve the information 
about individual magnetic features. Instead, the contrast of pix- 
els coming from unrelated features (especially if these features 
are composed of several pixels) can be assigned to the same 
bin of magnetogram signal, with the risk of blending informa- 
tion from bright magnetic elements with signals of micropores 
and intergranular lanes. To focus solely on magnetic elements, 
an alternative method is to segment the bright features in im- 
ages and compare the average contrast and magnetogram value 
for each feature separatel y (as performed by e.g. IViticchie et"al] 
120101: iBergeret al.1 120071) . However, the segmentation requires 
the use of joint high-resolution filtergrams in molecular bands 
in which the feature contrast is enhanced like the G-band or 
CN band, first u sed by Sheeley (1969) and Mulle r & R oudiei 
(see also IZakharov et al.1 [20071: [Uitenbroek & Tritschlei 
for comparative studies of both bands based on observa- 
tions and simulations, respectively). Moreover, the segmentation 
necessarily relies on some arbitrary thresholds, unlike the pixel- 
by-pixel method. Note that the two methods yield distinct re- 
sults also because the population of magnetic features they study 
are different: since the segmentation-based method only selects 
blight magnetic features, the resulting contrast vs. magnetogram 
signal curves tend to increase monotonically or reach saturation 
( Viticchie et al., 2010:.Ber ger et al. 2007.) . In contrast, due to the 
inclusion of all pixels, the contrast curves obtained by the sec- 
ond method rather exhibit a peak followed by a decrease due to 
larger and darker magnetic features (e.g. Fig. [2]herein). 

In this paper we compare the 630.2 nm continuum contrast 
of magnetic elements in ARs and in the QS, using data from the 
spectropolarimeter onboard Hinode, which allow good determi- 
nations of the magnetic field vector and have higher spatial res- 
olution (with constant image quality) than the data of Topka and 
colleagues (see above). For a direct comparison with their stud- 
ies we use the same pixel-by-pixel analysis method. We first re- 
peat scatterplots of continuum contrast vs. longitudinal magnetic 
field in ARs and in the QS, as presented Sect. 13. II In Section lX2l 
we compare the inclinations of magnetic elements in th e AR and 
the QS to test the hypothesis of [Lawrence et al.l (Il993l) . while in 
Sect. l3.3l we also look for contrast and inclination differences be- 
tween the opposite polarities in ARs. We then check in Sect. 13.41 
that the results are not biased by a systematic difference between 
the contrast references in ARs and in the QS. Finally, in Sect. 
I3.5l we explain the qualitative discrepancies between our scatter- 
plots in ARs and those of previous studies. Our conclusions are 
presented and discussed in Sect. [4| 



2. Dataset analysis 

2.1. Hinode/SP scans 

We selected an ensemble of 6 spectropolarimetric scans over 
active regions and 4 scans over the quiet Sun performed very 
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Table 1. List of the SP scans used in this work, fjtait denotes the 
starting time of the scans. 



Hne using the Milne-Eddin gton solution (JVI-E) fo r the radiative 
transfer equation (see, e.g., del Toro Iniestall2003l) . as follows: 



date (dd-mm-yy) 


?s,a„ (UT) 


target 


NOAA 


11-12-06 


13:10:09 


AR 


10930 


05-01-07 


11:20:09 


AR 


10933 


01-02-07 


12:14:05 


AR 


10940 


28-02-07 


11:54:34 


AR 


10944 


01-05-07 


21:00:06 


AR 


10953 


11-05-07 


12:35:53 


AR 


10955 


10-03-07 


11:37:36 


QS 




23-04-07 


11:14:06 


QS 




24-04-07 


01:21:04 


QS 




27-04-07 


08:50:03 


QS 





close to disk center (see Table [p by the Hinode/SP instru- 
ment (Lites et al."200r; Ichimoto et al. '2008t lKosugietalJ2007t 
[Tsuneta et al. 2008; Suematsu et al. 2008). 

The SP delivers profiles of the four Stokes parameters (for 
every pixel along its slit) in a visible wavelength range covering 
both the Fe 1 630. 15 nm a nd 630.25 nm line s, at a constant spatial 
resolution of 0"3 (see e.g. ' Lites et al.ll206^ for more details). 

The selected scans were performed in the "normal mode", 
i.e. with an exposure time of 4.8 s resulting in typical rms noise 
levels at disk center of 1 . 1 x 1 0""* and 1 .2 x 1 0""* for Stokes V and 
Q, U, respectively (in units of continuum intensity 1^). All the 
profiles were calibrated via the sp_prep routine of the SolarSoft 
package Q Note that although the point spread funct ion of the 
SOT/SP has been calculated bv lDanilovic et al.1 (l2008h . no inver- 
sions of this function are currently available so that the calibrated 
data were not fuither processed. 

2.2. Maps of continuum intensity and heiiocentric distance 

Maps of the continuum intensity Ic (calculated in the red con- 
tinuum of the 630.2 nm line) were provided by the sp_prep 
procedure. Because of the short exposure times compared to 
the granulation lifetime (~ 10 min), these continuum maps 
can be thoug ht of as q uasi-instantaneous images over small 
distances (cf. iLites et al.i 120081) . They are thus appropriate for 
the study of small-scale magnetic features, whose evolution 
timescales are roughly comparable with t hose of the granulation 
(iBerger & Titlelll996H Berger et al."1998'). 

sp_prep also calculates the right ascension x and decli- 
nation y (heliocentric cartesian coordinates), and thereby the 
fi - COS0 value at each pixel of the maps (where is the he- 
liocentric angle). In the present study, these "yU maps" were used 
to select portions of the scans located at the very disk center, i.e. 
where > 0.99. Only these portions are studied here. 

No correction of Ic for limb darkening was performed, as 
the latter can be estimated to only ~ 0.05% between yu = 1 
and n - 0.99 (using th e 5* -order polynomial in yU published by 
lNeckel&Labsl(fT994h ). and therefore is considered negligible. 

2.3. Inversions 

The observed Stokes spectra at each spatial pixel were inverted 
wi th the VFISV ( Very F ast Inversion of the Stokes Vector) code 
of Borre ro et al.l (l2010t) . We refer to this article for all details. 
This code produces synthetic Stokes profiles of the 630.2 nm 



r>'"iA) = al„ag(^, ^) + (1 - a)I„mag(^) , (1) 

where Imag('t, '^) refers to the Stokes vector arising from the 
magnetized part of the pixel. Thus, the set of parameters A' refers 
to the physical properties of the magnetized plasma which, under 
the M-E approximation, are: 

?( = [Sq,S uT]Q,a,AAo,B,y,(p,vi„^,a] , (2) 

where the first 5 are the thermodynamic parameters: source func- 
tion, source function gradient. Si, ratio of the absorption 
coefficient between the continuum and line-center, 770, damping 
parameter a, and Doppler width, A/loQ The next three refer to 
the three components of the magnetic field vector: intrinsic field 
strength, B, inclination of the magnetic field vector with respect 
to the observer y, and azimuthal angle in the plane perpendicular 
to the observer's, <p. vios denotes the line-of-sight (LOS) velocity 
of the magnetized plasma. Finally, the "filling factor" a is a ge- 
ometrical parameter that refers to the fractional amount of light 
that corresponds to the magnetized plasma. 

To r etrieve a, we adopted the " local stra y hght" approach 
used bv lOrozco Suarez et al.l (l2007h (see also iBorrero & Kobell 
201 i]). Inmag('t) refers to the Stokes vector arising from the non- 
magnetized portion of the pixel, and therefore we consider it 
not to be polarized: Inmag('l) - (^mag, 0, 0, 0). /nmag is obtained 
by averaging the intensity profiles from the neighboring pixels 
within 1" of the inverted one. Note that, because of the way it is 
constructed, /nmag cannot distinguish between non-magnetized 
plasma within the resolution element, the effects of the tele- 
scope diffraction and the scattered light within the instrument. 
However, given the small amount of scatt ered light in Hinode's 
spectropolarimeter (iDanilovic et al.ll2008l) the last contribution 
can be neglected. 

We have observationally determined that the noise for Stokes 
/ is typically between a factor of 5 and 10 larger than in Q, U or 
V due to the flatfield coiTection (Lites, private communication), 
which is only known to the order of 1 %. To account for that. 
Stoke / was given 5 times lower weight than the polarization 
profiles in the inversion scheme. 

All the pixels were inverted (no polarization selection) and 
included in the analysis, as the latter mainly deals with the longi- 
tudinal component of the field, which can be considered reliable 
over the range corresponding to the magnetic elements having 
Stokes V signal largely above the noise (see Sect. 13.1b . 

In contrast to older studies using magnetograms (see 
Sec. [TJ, the present approach has the advantage of remain- 
ing valid in all regimes of intrinsic field strength, as it is 
based on analytically solving the full radiative transfer equa- 
tion. Magnetogra ms rely on a calibration of Stokes V (cf. 
iTopka et"anil992h that only holds in the "weak field regime", 
and thus the values of the magnetogram signal are underesti- 
mated for vertical fields approachin g 1000 G in intrinsic strength 
(iLandi DeglTnnocenti & Lan dolfi 2004), which i s the s o-called 
"Zeem an saturation effect" (Howard & Stenflol 119721: IStenflol 
Il973h . 



' |http : //www ■ Imsal . com/ solar soft/ sswdoc/ indexjienu . html | ^ Note that a was maintained at a prescribed value. 
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3. Results 

3.1. Scatterplots of contrast vs. longitudinal field for active 
region and quiet Sun 

To start with, we performed a pixel-by-pixel comparison of 
continuum cont rast vs. longitudinal field (as und ertaken by 
iTitle et al.|[T989t iTopka etall f 19921 : [Lawrence et aL I IT993I here- 
after TTL) over active regions (ARs) and the quiet Sun (QS), to 
see if and how the results would differ between these two targets 
at the constantly high spatial resolution of Hinode. 

Like TTL, we considered rather large fields of view (FOVs) 
of 70" X 60". We analyzed a total of 10 FOVs containing QS net- 
work and 9 FOVs of AR plages, all at /i > 0.99, extracted from 
the different SP scans (see Sect. 12. 11 1. As we obtained similar 
results with all FOVs (summarized in Table |2]i, we restrict our- 
selves here to presenting the results for one such FOV centered 
on an AR plage (see Fig. [T]upper panel), and one including QS 
network (Fig. [T] lower panel). 

To simulate the magnetogram signal used by TTL, we con- 
sidered the "apparent" strength of the longitudinal component 
of the field Bapp.ios = Bo-lcosyl (see Sect. 12.31 for the descrip- 
tion of the variables B, a and y). Like the magnetogram signal, 
it can be considered to scale with the size of unresolved mag- 
netic elements (see Sect.[T]l. We use the terminology "apparent" 
field strength to distinguish from the intrinsic one, since Bapp.ios 
is averaged over the pixel. The continuum contrast at each pixel 
location (x,y) of a given FOV was defined as: 

„ . . . , h(x,y) - {Ic}k{,fov 

Contrast(x, y) = — (3) 

Vc/ref.FOV ' 

where (/c)ief,FOv is the contrast reference, taken as the mean con- 
tinuum intensity of the pixels having Bapp.ios < 100 G in the FOV 
(corresponding to rather normal granulation). 

Figure |2] displays the resulting scatterplots of the continuum 
contrast vs. Bapp.ios for the AR and for the QS FOVs shown in 
Fig-Ill To prevent pores from contaminating the contrasts in this 
range, we removed them according to the following procedure. 
First, their inner dark cores were detected as any group of at least 
4 pixels (the minimum number corresponding to spatial resolu- 
tion) having contrast below -0.15 and Bapp.ios > 900 G (assum- 
ing pores to be resolved and thus with fields close to kG), such 
as enclosed by the red contours in Fig. [1] Next, the suiTound- 
ings of the pores suffering from spuiious magnetic signal due to 
the telescope diffraction (see Sect. 13.5b were also eliminated by 
spatially extending the detected cores until Bapp.ios drops below 
200 G, which corresponds to the larger yellow contours in Fig. 
[T| This is a conservative procedure, which might assign some- 
what too many pixels to pores, but importantly for our work, it 
ensures that no pixels influenced by a pore's magnetic field are 
accidently assigned to magnetic elements. 

To detect a trend within the scatterplots, the pixel contrasts 
were averaged into bins of Bapp.ios (with a binwidth of 25 G), 
and a third-order polynomial was fitted to the average values of 
Bapp.ios between 200 G and 1000 G0 In these scatteiplots, one 
can notice the large contrast scatter for Bapp.ios ~ due to gran- 
ulation, while the scatter and the average contrasts decrease at 
the same time that the field concentrates in intergranular lanes 
(see ISchnerr&Sprui3 l2010. for more details on this part). For 
the range Bapp.ios > 200 G, dominated by flux concentrations, 
the average contrast increases in both plots until reaching a peak 

^ We consider that Sapp.ios is reliably retrieved in the range i?app,ios > 
200 G, as more than 99.9 % of the pixels in that range have a Stokes V 
amplitude above 4.5 times the rms noise level. 



for some value of Sapp.ios, corresponding to the maximum of the 
fits. For values of Bapp.ios below the peak value, the features are 
on average less bright than the peak contrast, either because their 
field strength is too low or because they are partially unresolved. 
For Bapp.ios larger than the peak value, the features become pro- 
gressively darker as the filling factor increases. Note that unlike 
our trends, all the trends of TTL in ARs are monotonically de- 
creasing. As explained in the Sect. [33] this is not only due to our 
higher spatial resolution but mainly to our complete removal of 
pores. 

Two qualitative observations can be made. Firstly, both the 
trends of the contrast vs. Bapp.ios in the QS and in AR peak at 
a similar value Bapp.ios ~ 700 G, as indicated by the arrows in 
Fig.|2](and listed in Table|2]for all the FOVs analyzed), whereas 
the AR trends of TTL were monotonically decreasing. Secondly, 
even at Hinode's constant and high spatial resolution, the QS 
network reaches larger continuum contrasts than in AR plage, 
in agreement with the findings of TTL. The average of the peak 
contrasts in the QS FOVs is 3.7% and 1 .3% in the AR FOVs, cor- 
responding to a relative difference of 2.4%. Note that due to our 
higher spatial resolution (about twice higher than that of TTL, 
see Sect. 13.5b . the average contrasts reported here are larger than 
the ones measured by TTL: our QS peak contrast reaches almost 
3% (and up to 6.2% in other FOVs, see Table IS , twice as high as 
the value measured by 'Lawrenc e et al.l (Il993b and our AR peak 
contrast reaches 0.5 % or larger (cf. Table 2), whereas TTL's 
average contrasts in ARs were negative for all bins of magne- 
togram signal. 

We checked that the dominant majority of the pixels dis- 
tributed around the peak of the trends, i.e. with Bapp.ios in an inter- 
val of +200 G centered on the peak value (between dashed lines 
in Fig. |2]i, are relatively well located in intergranular lanes (see 
contours in Fig.[TJ, as expected for magnetic elements, or often- 
times surround larger darker features. The probability density 
function (PDF) of the intrinsic field strength B of these pixels 
reveals that they harbour kG fields in the AR and in the QS, with 
nearly the same mean value {B} of approx. 1 150 G (see Fig. [3^). 
Since the peak of the contrast trends occurs at similar Bapp.ios for 
ARs and the QS, the corresponding magnetic elements should 
also have similar filling factors a (unless their inclination devi- 
ates significantly from the vertical), as verified by the PDF(a), 
which have mean values (a) of 0.63 and 0.62 in the AR and in 
the QS, respectively (Fig. |3j)). Assuming that the filling factor 
scales with the size of the magnetic elements (see Sect. |4]i, this 
in turn poses the problem of how to explain their different con- 
trast in the QS and in ARs. As summarized in Table |2] repeating 
the same analysis on different FOVs of QS and ARs yielded the 
same conclusions. 

3.2. Inclination of the magnetic elements 

Based o n their observed cen ter-to-limb variation of continuum 
contrast, iTopka etaTI (1 19921) deduced that the contrast of mag- 
netic elements should be sensitive to the angle between the line- 
of-sight (LOS) and the magnetic lines of force, which at disk 
center directly translates into their inclination with respect to 
the local vertical. Lawrence et al. ( 1993) then proposed that the 
larger contrasts in the quiet Sun could be explained by a larger 
inclination of the magnetic elements, whereby their hot walls 
would be more visible. 

We have ruled out this possibility by studying the probabil- 
ity density functions (PDFs) of the inclination y for the pixels 
identified with magnetic elements having Bapp.ios in a +200 G 
interval around the peak value of the contrast curves (between 
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Table 2. List of the different fields of view (FOVs) analyzed in this work, extracted from the SP scans indicated by their date (see 
Table[T]l. 



FOV index 


date (dd-mm-yy) 


target 


Contrast peak 


Bapp.ios peak [G] 


(B) [G] 


(a) 


(r> n 


1 


11-12-06 


AR 


0.013 


677 


1104 


0.64 


15.9 


2 


05-01-07 


AR 


0.015 


694 


1128 


0.64 


17.2 


3 


05-01-07 


AR 


0.027 


711 


1125 


0.64 


14.7 


4 


*0 1-02-07 


AR 


0.005 


685 


1142 


0.63 


20 


5 


01-02-07 


AR 


0.013 


711 


1147 


0.64 


17.5 


6 


28-02-07 


AR 


0.018 


694 


1136 


0.63 


16.1 


7 


01-05-07 


AR 


0.008 


668 


1119 


0.62 


17.1 


8 


01-05-07 


AR 


0.005 


668 


1106 


0.62 


16.5 


9 


11-05-07 


AR 


0.016 


651 


1111 


0.62 


18.7 








0.013 


681 


1124 


0.63 


17.4 


10 


10-03-07 


QS 


0.056 


750 


1166 


0.6 


9.7 


11 


10-03-07 


QS 


0.029 


709 


1137 


0.61 


12.3 


12 


10-03-07 


QS 


0.037 


678 


1096 


0.6 


9.5 


13 


23-04-07 


QS 


0.013 


660 


1091 


0.6 


13.2 


14 


23-04-07 


QS 


0.046 


805 


1208 


0.63 


10.3 


15 


*24-04-07 


QS 


0.029 


702.5 


1142 


0.62 


12.8 


16 


24-04-07 


QS 


0.062 


725 


1174 


0.6 


13.5 


17 


27-04-07 


QS 


0.04 


711 


1113 


0.63 


12.4 


18 


27-04-07 


QS 


0.029 


702 


1122 


0.63 


12.5 


19 


27-04-07 


QS 


0.033 


727 


1146 


0.63 


13.1 








0.037 


717 


1140 


0.62 


11.9 



Notes. The AR and QS FOVs described in Sect. l3.1l have their date marked by an asterisk. When several FOVs are extracted from the same scan 
they share the same date. All these FOVs have sizes of 70" x 60", except for the dates 1 1-12-06 and 05-01-07 for which the FOVs are 40" x 90" 
and 45" x 91", respectively. The "Contrast peak" refers to the maximum of the fit of continuum contrast vs. Sapp.ios and "Sapp.ios peak" is the 
corresponding Sapp.ios at the peak. (B), (a), (y) are calculated over the pixels having S^pp jo, in a ±200 G interval centered around the peak value 
of Sappjos. The rows with bold characters indicate the average values of the different quantities for the AR (middle row) and QS FOVs (last row), 
respectively. 



dashed lines in Fig. |2]i. Note that in this interval of Bapp.ios, all 
the pixels have a Stokes V amplitude larger than 30 times the 
rms noise level, while 40 % of these pixels also have Q, U am- 
plitudes above 4.5 times their noise level. Figure|3]; displays the 
PDF(y) for the AR plage and QS FOVs shown in Figs [ifl The 
magnetic elements are close to vertical in both cases, with a dis- 
tinctly larger y in the AR ,(y) - 19.9 ± 0.1° (assuming Gaussian 
statistics), than in the QS, (y) = 12.8 + 0.1°. Probing different 
FOVs yielded similar PD Fs and mean inc l inatio ns (see Table|2]). 
Hence, the argument of Lawrence et al ] (Il993h does not hold. 
Instead of larger inclinations in the QS, the mean inclinations 
are systematically (although marginally) larger by 3° to 10° in 
the AR FOVs. The similarity in the PDFs of B and a strongly 
argues against a bias responsible for the different inclinations. A 
check at the inclination maps revealed that these larger inclina- 
tions in the ARs mostly occur at the periphery of pores and of 
dense groups of magnetic features typical of plages, while more 
isolated magnetic elements like in the QS tend to be more ver- 
tical. This is expected as larger flux concentrations like pores 
have larger vertical expansion rates, which tends to bend the file 
lines of neighboring magnetic elements. Likewise, a magnetic 
element located at the periphery of a closely packed group of 
magnetic features feels a net bending force towards the outside 
of the group. 

Hence, up to the small difference in inclination discussed 
above, from Fig. [3] and Table |2] we can conclude that all quanti- 
ties (B, a, y) have rather similar values for the brightest magnetic 
elements in the QS and in ARs, which still leaves unexplained 



As we are here only interested in quantifing the deviation from the 
vertical, all the inclinations y are reported in the range 0° < y < 90° . 



the fact that they reach larger contrasts in the QS compared to 
ARs. 

3.3. Positive and negative poiarity fieids in ARs 

So far, we have only dealt with the strength of the longitudinal 
magnetic field without considering the different polarities in the 
fields of view (FOVs), mainly because our AR FOVs are gener- 
ally dominated by a single polarity. 

However, it is possible that in ARs the contrast of the 
two opposite polarities differ due to their possible interaction 
and/or different inclination of their magnetic elements. For in- 
stance, cases of Moving Magnetic Features (MMFs) in a Sunspot 
moat have been reported to interact with the opposite polar- 
ity magnetic elements yielding chromospheric surges in Ha 
(Brooks et al. 2007). Such interacting features could exhibit dif- 
ferent contrasts, possib ly related to diffe rent inclinations (fol- 
lowing the argument of iTopka et al.ll 19921 see Sect. 13.2b . When 
analyzing the continuum co ntrast vs. magnetog ram signal sep- 
arately of the two polarities. iTopka et al.l ( 19921) found a differ- 
ence between the contrasts reached by the two polarities (with 
either the positive or negative polarity being brighter depending 
on the FOV), for different instances of AR plages located at he- 
liocentric angles 6-4,7 and 43°. They concluded that this an- 
gle had to be different betwe en the two p olarities (employing the 
same reasoning as Lawren ce et al.lll9"93l to explain the different 
contrasts between QS network and AR plage, see Sect. 13.2) . 

In six cases, our ARs FOVs contained enough flux of both 
polarities to investigate their behaviour separately. We present 
here one example, while we list the results obtained from the 
other five FOVs in Table[3] Figure|4]shows a map of the "signed 
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Fig. 2. Scatterplot of the continuum contrast vs. apparent lon- 
gitudinal field strength Bapp.ios for the quiet Sun (upper panel) 
and plage (bottom panel) fields of view shown in Figs.[T] pores 
excluded. The contrast reference (indicated by the horizon- 
tal dashed red line) is the mean intensity of the pixels where 
fiapp.ios < 100 G. Red crosses: average values of the continuum 
contrast inside Bapp los-bins of 25 G width. The red error bars 
are the standard deviations inside each bin. Solid red curves are 
third-order polynomial fits of the average values in the range 200 
G < Bapp.ios < 1000 G. The blue arrows indicate the maxima of 
the fits, locating the "peak" of the contrast trends. The vertical 
dashed lines delimit the interval +200 G around the peak. 



fiapp.ios" (i e. the longitudinal component of the apparent mag- 
netic field) saturated at +100 G, to illustrate the distribution of 
the patches of both polarity fields in the example FOV (posi- 
tive in white, negative in black). In fact, the minority (negative) 
polarity is essentially distributed close to the Sunspot (on the 
immediate right out of the FOV) and probably corresponds to 
footpoints of magnetic field lines from the penumbra. Repeating 
the pixel-by-pixel analysis of contrast vs. Bapp.ios for both po- 
larities as in Fig. |5] reveals that, although the contrasts peak at 
fiapp.ios ~ 700 G for both polarities, the minority polarity reaches 
larger contrasts by almost 3%. However, the probability distri- 
bution function of the inclination y for the pixels with Bapp.ios in 
an interval of ±200 G around the contrast peaks of each polar- 
ity (blue and cyan contours in Fig. |4] associated with the mag- 
netic elements producing the contrast peak) does not show any 
noticeable difference between both polarities, as visible in Fig. 
|5] (lower panels). As one can see in Table |3] in none of the 
six FOVs does the mean inclination of the magnetic ele- 




600 800 1000 1200 1400 
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1 .0 




Fig, 3. Probability density functions (PDFs) of (a) the intrinsic 
field strength, B, (b) the magnetic filling factor, a and (c) the 
inclination y of the pixels having Bapp.ios in an interval of ±200 
G around the peak value of Bapp.ios, for the quiet Sun (dotted 
curves) and the active region (solid curves) fields of view shown 
in Fig. [T] The vertical lines mark the mean values of the distri- 
butions. 



ments differ between the positive (+) and negative (-) polarity, 
although the peak contrasts differ by 0.1 to 3.9 %. Thus, the 
observed contrast difference between polarities can not be ac- 
counted for by different inclinations. 

We noticed that the peak contrast was always larger in the 
minority polarity and that in general, the contrast difference be- 
tween polarities was larger for FOVs in which the polarities were 
seemingly more "unbalanced" (i.e. the ratio of surface coverage 
between majority and minority polarity was larger). To quantify 
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this, we calculated the fraction of the total unsigned flux carried 
by each polarity as: 



JpOVi '^i^app.los 



(4) 



app,los 



where the integration J^^^ is performed over those areas cov- 
ered by the positive or negative polarity. Note that pores were 
included in this calculation. In the three cases where the major- 
ity polarity carries > 70% of the flux (labeled by superscript "a" 
in TableO, the peak contrast of the majority polarity is systemat- 
ically significantly lower than that of the minority polarity by 1 .3 
to 3.9 %. In one exception (labeled "b"), although the majority 
polarity contains twice as much flux as the minority polarity, the 
peak contrast of the majority polarity is only marginally lower 
For the remaining two cases where the fluxes were rather bal- 
anced (labeled "c"), the peak contrasts are very similar in one 
case but differ by about 3% in the other one (FOV index 9 in 
the Table). This specific FOV differs from all the others in that it 
harbours the only small bipolar ephemeral region in our data set, 
while all the other FOVs contain plage areas in the vicinity of 
sunspots. Moreover, a look at the full scan containing this FOV 
reveals that the positive polarity is in fact by far dominating, but 
that most of its flux is located outside of the selected FOV (the 
rest of the area was not selected since it lays at yu < 0.99). 

We propose that the lower contrast of the predominant po- 
larity is explained by the larger size of its magnetic field patches 
(saturated white in Fig. |4]i. These represent larger obstacles to 
the convective flows and thereby are prone to contain cooler 
magnetic elements, whereas the patches of the minority polar- 
ity are rather reminiscnent of the QS network. The influence of 
such magnetic patches on the surrounding convec tion will be 
pres ented in more details in a forthcoming paper (iKobel et al.l 
1201 Ih, Paper II of this series). 
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Fig. 6. Values of the contrast references (/c)ief,FOv used in the dif- 
ferent AR and QS FOVs, in original data units. The FOV index 
labels the FOVs according to the order of Table |2] The horizon- 
tal bars represent the average values of the (/c)ref,FOv the AR 
(left) and QS (right) FOVs. The right-hand side y axis gives the 
values relative to the QS average. 



of the values with a rms of 1 .2%. To look for a systematic differ- 
ence between the QS and AR contrast references, we averaged 
those values and overplotted the averages of the QS and the AR 
(^c)ref,FOv horizontal bars. As indicated by the right-hand side 
y-axis of the plot, the average of the (/c)ief,FOv of the AR FOVs is 
lower than the average value of the QS FOVs and differs by only 
-0.5 + 0.2 % (the error is the sum of the errors on the QS and 
AR averages). This is five times smaller and of opposite sign 
than the relative difference of 2.4 % between the average peak 
contrasts in ARs and QS. We can thus rule out that the lower ob- 
served contrasts of magnetic elements in ARs compared to the 
QS are related to systematically brighter contrast reference areas 
in ARs. 



3.4. Intrinsic briglitness of the magnetic elements 

One possibiUty to explain the lower contrast of magnetic ele- 
ments in ARs compared to the QS is that the absolute brightness 
of the chosen contrast reference (/c)ref,FOv (mean continuum in- 
tensity of the pixels having Bapp,io,s < 100 G in the FOV, see 
Eq.O is systematically larger in ARs compared to the QS, such 
as to account for the relative difference of 2.4 % in the aver- 
age peak contrasts (see Sect. 13. II and Table |2]i. This hypothesis 
is a priori supported by the idea of global horizontal convective 
inflows developing towards ARs to compe nsate for the radia- 
tive losses through the magnetic atmosphere (iKqmm et al.lI993l: 
ISDruitl2003t[Zhao & Kosovichevl2004l:lRemDell2006h . in a sim- 
ilar fashion as in the case of the case of simple 2D flux sheets 
(|Deinzer et al. 1984). A possible opacity reduction of the mag- 
netic atmosphere above granulation near plages could also con- 
tribute to brighter contrast references in the AR FOVs. 

To check this possibility, we compared the (intensity) "in- 
strumental data number" values (i.e. those of level 1 data ob- 
tained after calibration with sp_preffl cf. Sect. 12.2b of the con- 
trast references (/c)ief,FOv used in the different FOVs, as plotted 
in Fig.|6l In addition to the effect mentioned above, the (/£-)ref,FOv 
values can also vary due to oscillation-induced brightness fluctu- 
ations, possible differences in convection and instrumental vari- 
ations from on e scan to the next (for instance, varying amount 
of defocus, see iDanilovic et al]|2008l) . All this leads to a scatter 



3.5. Comparison with previous studies of contrast vs. 
magnetogram signal 

Here we propose possible explanations as to why our trends of 
continuum contrast averaged in bins of apparent longitudinal 
field strength Baocios peak at finite fiann i ns in ARs, whereas the 
trends of Title et al. ( 1992) ; Topka et all (ll992l) : lLawrence et al.1 
(Il993h (TTL) in ARs decrease monotonically. 

One source of discrepancy lies in the different pore removal 
techniques employed by TTL and by us. If instead of our pore re- 
moval procedure, described in Sect. 13. II we use a simple contrast 
threshold as employed by TTL on the plage FOV presented in 
Fig- in the resulting trend of the contrast vs. Bapp.ios is much flat- 
ter For instance, by cutting out all the pixels with contrast below 
-0.18, we obtain the scatterplot displayed in Fig. |2]left panel, 
while our original pore removal leads to Fig. |2] lower panelj^ 
The peak of the trend at 600-700 G is greatly reduced in Fig. 
|7](the peak contrast reaches only -0.01 compared to 0.005 in 
Fig. |2]i, while the darkening at Bapp,io,s > 800 G is significantly 
enhanced. This is because a simple intensity cut only removes 
the inner dark cores of the pores, which mostly contribute to the 
range Bapp,io,s > 800 G. But our more-complex procedure also re- 
moves the immediate surroundings of the pores, where the pixels 
are darkened by the point spread function of the telescope. Such 



For terminology, see the Hinode SOT Data Analysis Guide at 



* Note that due to different spatial resolutions and contrasts, we can- 
not use the same threshold values as TTL. The threshold value of -0.18 
used here was chosen to be as high as possible without cutitng in inter- 



|http : //solarwww . mtk . nao . ac . jp/katsukaw/sot_f its/S0TQ6Q42_gcaSO'larilaHaysis_Guide_ (SAG) . pdf , 
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Table 3. Values of peak contrast, mean inclination (y)^ and fraction of the total unsigned flux X± in the positive (+) and negative 
(-) polarities for the AR FOVs analyzed in Sect. 13.31 



FOV index Contrast peak (+) Contrast peak (-) {y)^ [°] <7>_ [°] X+ X- 



*5° 0.009 0.036 17.8 164.5 90.5 9.5 

6" 0.015 0.054 16 166.7 89.5 10.5 

1" 0.024 0.011 16.4 164.5 27.7 72.3 

2* 0.017 0.013 17.2 162.4 32.3 67.7 

3'' 0.027 0.026 15.2 166 53.5 46.5 

9' 0.029 18 160 53.6 46.4 



Notes. The FOV index is the same as in Table|2] The example FOV presented in Figs.|4]and|5]has and asterisk before its index. {y}_^ was calculated 
only for the pixels distributed in an interval of ±200 G around the fiappjos location of the contrast peak in each polarity. 



pixels typically provide contributions in the range 200-800 G 
and if not removed, tend to flatten the peak of the contrast curves. 
The eff'ect of the telescope diffraction on the surroundings of the 
pores is illustrated by cuts of contrast and Bapp.ios across pores of 
different sizes, as plotted in Fig. |8] The cuts were extracted from 
the plage area of Fig. [T] where they are marked by thick white 
lines. On both sides of the dark cores (identified in the cuts as 
having contrast < -0.18 and marked by the long dashed lines 
in Fig. [8]i, we find several pixels where the contrast is slightly 
negative or neutral and Bapp.ios > 200 G. To remove these pix- 
els, our pore removal procedure extends the detected dark cores 
of pores (which we actually require to have contrasts < -0.15 
and Bapp.ios > 900 G, see Sect. 13.1b until Bapp.ios drops below 
200 G. The boundaries obtained in this manner are marked by 
short-dashed lines in Fig. [8] 

To reproduce a monotonically decreasing contrast curve like 
the ones of TTL, we also had to degrade our data. These authors 
indeed state that the spatial resolution is at best 0''3 and 0''45 
for their images and magnetograms, respectively. We obtained a 
good match to TTL's results if we degraded both the continuum 
images and Stokes images with a Gaussian of 0''45 FWHM, plus 
an additional Lorentzian degradation of 0"06 FWHM to mimic 
stray light. This yielded the monotonically decreasing contrast 
trend of Fig. |7] right, provided the pores were eliminated via a 
simple intensity cut as described before Q Although the Gaussian 
degradation already reduces the contrast range to values simi- 
lar to TTL's, the additional Lorentzian degradation was needed 
in order to obtain such a monotonous decrease. The width of 
that Lorentzian was adjusted so that the rms contrast calcu- 
lated in a 20" box of quiet S un in our images matches the one 
given bv iTopka et alj ( 11992) (6% at 558 nm, corresponding to 
about 5% at 630 nm). This additional degradation implies that 
TTL's results are probably sgnificantly influenced by straylight, 
which is very typical for ground-based observations. In con- 
trast, the s mall amount of scatte red light in Hinode's spectropo- 
larimeter (iDanilovic et al.ll2"008l) can be neglected. However, we 
warn against inferring that the FWHM of our degradations cor- 
responds to the actual resolution of TTL. As will be shown in a 
second paper (Kobel et al. 201 lb, in prep.), the shape and peak 
value of the contrast vs. Bapp.ios trend also depend on the amount 
of flux contained in the FOV. 

That the spatial resolution is an important factor influenc- 
ing the peak of the contrast curves ca n also be seen by c om- 
paring with the more recent studies of iBerger et al.l (l2007l) and 
iNaravan & S charmed (1201 Ob . using higher resolution (0:'15) SST 



' If before the degradation we eliminate the pores with our own pore 
removal procedure, the resulting curve (not shown here) still exhibits a 
peak. 



data consisting in 630.2 nm magnetograms, together with G- 
band and 630.2 nm continuum filtergrams, respectively (ex- 
clusively in ARs). Using the same pixel-by-pixel method as 
us, both groups of authors found a peak contrast reaching 
up to 2 -3 % (of the mean i ntensi ty in the FOV) in the 
stud v oflNara van & S charmerl (1201 Ol) and 3-4 % in the case 
of Berge r et al.l (12007). The latter study, however, is not di- 
rectly comparable since magnetic elements are known to ex- 
hibit enhanced contrasts in G-band (e.g. iMuller & Roudieil 
1984,) . Future studies at higher resolution and lower stray- 
light thus promise to reach even higher contrasts (e.g. with 
the SUNRISE bafloon-bome observatory Bar fliol et all 1201 ll 
Solan ki et al. 2010: Riethmuller et al. 2010). Note fliat in spite 
of hi s much l ower spatial resolution (magnetograph aperture of 
2"4). lFrazieii(ll971b did find peaked contrast curves in two active 
regions. According to the above, we can possibly attribute this 
to a lower amount of straylight (compared to TTL), the presence 
of only a few pores in his field of view, or a lower degree of 
magnetic activity. 

4. Discussion and conclusion 

Owing to its better spatial resolution and its low amount of scat- 
tered light, Hinode/SP allowed us to update the results of earlier 
groun d-based studies of continuurn contrast vs. magnetogram 
signal dTitle et alJl992l:lTopka et alJl992Lll997HLawrence et al.1 
19931 referred to in this paper as TTL) i n the QS and in ARs. In 
agreement with the previous finding of Lawrence et al 1 (119931) . 
the contrasts reach larger values in the QS than in ARs, with a 
relative contrast diff'erence of 2.5% (average over 8 and 10 fields 
of view in ARs and the QS, respectively). This difference could 
not be attributed to any brightness enhancement of the reference 
areas in ARs (see Sect. 13.4b . so that it likely relates to an intrinsic 
brightness difference between the brightest magnetic elements in 
ARs and in the QS. Whereas TTL were finding monotonically 
decreasing trends in ARs, the trends of the contrast vs. (appar- 
ent) longitudinal field strength Bapp.ios now display a clear peak 
both in ARs and in the QS, as visible in Fig.|7] We explained our 
peak in ARs by the higher spatial resolution and low amount of 
straylight of Hinode compared with the earlier ground-based ob- 
servations of TTL, as well as by our removal of the pores and the 
part of their close surroundings affected by the telescope diffrac- 
tion (tending to smear the contrast curve). This contrast peak en- 
ables us to attribute an apparent longitudinal field strength value 
to the brightest pixels in ARs and QS. Interestingly, the apparent 
longitudinal field strength corresponding to the peak contrast is 
similar for ARs and QS, Z^ann.ins ~ 70 G. Note that the contin- 
uum contrast curve of lNaravan & Scha rmer (2010, Fig. 2 upper 
right panel) also peaks at Bapp.ios ~ 700 G, although they used 
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data from the Swedish Solar Telescope (SST). Given the theo- 
retically factor of 2 higher spatial resolution of SST compared 
to Hinode, this is surprising in the light of recent tests with de- 
graded MHD simulation snapshots. These indicate that the pres- 
ence of a peak as well as its associated Bapp.ios value depend on 
the spatial resolution (Rohrbein & Schiissler 2011)0 However, 
as mentioned by Naravan & Scharmerl (j2010), it is likely that 
their Bapp.ios are underestimated due to instrumental and seeing- 
induced straylight. This may explain the similar Bappjos of the 
peak. In this respect, it would be interesting to determine the con- 
trasts of BPs in ARs at still h igher spatial resolution, as afforded 
by SUNRISE dBarthol et al.lf2()llh . should appropriate data be- 
come available from a future flight. 

We checked that the pixels contributing to the contrast peak 
(i.e. with Bapp.ios around 700 G) are mainly located in intergran- 
ular lanes (cf. Fig.lTJ and can thus be reasonably associated with 
magnetic elements. From the inversions we found that for these 
pixels the intrinsic magnetic field is kG in strength and rather 
vertical (as expected for magnetic elements), as shown in Fig. 
[3^,b. Consequently, the magnetic elements with higher contin- 
uum contrasts also share similar filling factors in ARs and in the 
QS (see Fig. [3};), which poses the problem of how to interpret 
their larger brightness in the QS. 

It can be argued that at Hinode's spatial resolution it is un- 
likely that many flux tubes are present in a pixel, and conse- 
quently that the filling factor in most cases reflects the size of 
the (unresolved) magnetic elements. This is supported by re- 
cent results obtained with SUNRJSE/IMaX (spatial resolution 
between 0''15 and 0"18, Martinez Pillet et al. 2010) concluding 
that many o f the QS magnetic elements were spatially resolved 
even in the internetwork. Since the resolution 
of Hinode/SP is only a factor of 2 inferior (~ 0''3), it must be 
close to resolving them, although we cannot rule out that even 
smaller kG features are present. Under the assumption of a sin- 
gle magnetic elements per pixel on average, one could deduce 
that the brightest magnetic elements have similar sizes in ARs 
and in the QS in spite of their different brightness, which in turn 
questions the conventional interpretation that the brightness of 
magnetic elements is primarily dictated by their size. 

The only inversion parameter studied here that slightly dif- 
fers between the brightest magnetic elements in ARs and in the 
QS is the inclination, which is on average 5° larger in ARs (see 
Fig. [3}; and Table |2]i. However, we cannot think of any physi- 
cal argument explaining why more inclined magnetic elements 
appear darker Rather, inclined flux tubes should appear brighter 
as their hot walls is more exposed to a vertical line-of-sight (as 
proposed by Topka et al. 1992). We think that the more inclined 
fields in ARs are just a consequence of the presence of pores and 
dense groups of flux tubes exerting a bending force on the field 
lines of magnetic elements located at their periphery (due to the 
solenoidality of the magnetic field and the expansion of the flux 
tubes with height). 

Another factor that influences the heating of the magnetic 
elements is the efficiency of the surrounding convection. It is 
well-known that the number density of magnetic elements (and 
thereby the average filling factor) is higher in AR plages than in 
the QS network, and the "degree of packing" of magnetic ele- 
ments is Ukely to aff'ect the surroundin g convective motions (as 
first suggested by iKnolker et al]|1988l) . iMorinaga stall (l2008l) 
recently found (using Hinode observations of a pore and its 



^ For original snapshots of simulations wit h {B} up to 200 G , the 
bolometric intensity increases with B (see also IVogler et aLl l200g) but 
shows a peak after degradation. 



surrounding plage) that the disperion in Une-of-sight velocity 
was smaller in regions of larger averaged filling factor, while 
Ishikawa et al. (2008) also observed reduced convective veloci- 
ties in regions of high apparent longitudinal field. This could also 
explain why the minority polarity magnetic elements in ARs, 
which are less densely packed and form smaller patches, reach 
larger contrasts (in the few cases investigated in Sect. 13. 3b . A sys- 
tematic study of whether the degree of inhibition of convection 
relates to the brigh tness of magnetic e lements will be presented 
in a second paper (iKobel etalJl2011bl in prep.). 
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Fig. 1. Upper panel: Continuum contrast of an active region plage field of view at disk center (jj. > 0.99), extracted from the SP scan 
of day 01-02-2007 (see Table [T]i. Bottom panel: Same for a field of view including quiet Sun network, extracted from the SP scan 
of day 24-04-2007. Blue contours: locations of the pixels where Bapp.ios lies in an interval of +200 G around the peak value of the 
contrast vs. Bapp.ios relation (see Fig.|2]i. The red contours surround the "core" of the pores where the contrast is below -0.15 and 
5app,ios > 900 G, while the yellow contours outline the entire pore areas removed from the analysis. The white lines across some 
pores coincide with the locations of the cuts discussed in Sect. 13.51 
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Fig. 4. Map of "signed Bapp.ios" for the AR FOV extracted from the SP scan dated 01-02-07 (FOV index 5, see Table|2l The map is 
saturated at H-lOO G (white) and -100 G (black). The pores eliminated from the contrast analysis are contoured in orange (there is 
no pores in the negative polarity). The pixels having Bapp.ios in an interval of +200 G around the contrast peaks of each polarity are 
contoured in blue (positive polarity) and cyan (negative polarity). 
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Fig. 5. Upper panels: Scatterplot of continuum contrast vs. Bapp.ios for the positive and negative polarity in the FOV displayed in Fig. 
E] Symbols are as in Fig.|2] Lower panels: Probability distribution functions of the inclination y retrieved by the inversion for the 
positive (between 0° and 90°) and negative (between 90° and 180°) polarity. 




Fig. 7. left: Scatterplot of the continuum contrast vs. longitudinal flux density Bapp.ios for the plage field of view (FOV) shown in Fig. 
[1] obtained by removing the pores via a simple contrast threshold at a value of -0.18. right: Scatterplot of the continuum contrast 
vs. apparent longitudinal field strength Bapp.ios for the same plage FOV, obtained after degradation of the contrast and Bapp.ios by 
convolving with a Gaussian of FWHM 0!'45 and a Lorentzian of FWHM 0!'06 (mimicing straylight), while removing the pores with 
the same contrast threshold. 
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Fig. 8. Contrast (upper panels) and Bapp.ios (lower panels) cuts across four pores of decreasing size. The pixels located between the 
long dashed lines have contrasts inferior to -0.18, and the short dashed lines enclose the pixels having Bapp.ios > 200 G. Note that 
due to the pixellation of the profiles, the vertical dashed lines do not cross them exactly at those values. All cuts have been extracted 
from the plage field of view shown in Fig.[T]and their locations are indicated in that Figure by white solid lines. 
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